Storage of information into long-term memory (LTM) usually requires at least two waves of transcription in many species. However, there is no clear evidence of this phenomenon in insects, which are influential models for memory studies. We measured retention in honeybees after injecting a transcription inhibitor at different times before and after conditioning. We identified two separate time windows during which the transcription blockade impairs memory quantitatively and qualitatively, suggesting the occurrence of an early transcription wave (triggered during conditioning) and a later one (starting several hours after learning). Hence insects, like other species, would require two transcription waves for LTM formation.
The formation and maintenance of stable memories of past experience is a common feature of vertebrates and invertebrates. It involves consolidation, i.e., the transition from short-term, labile memory traces to long-term, resistant ones (McGaugh 2000) . Consolidation includes several biochemical processes, among which protein synthesis is crucial and now considered as a distinctive hallmark of long-term memories (LTM) in many species (Davis and Squire 1984) . Still, based on data from studies on rodents and on Aplysia in particular, a general model of memory consolidation posits that translation of new proteins may come only as a second step, once new transcripts have been produced. Indeed, studies using blockers of transcription rather than of translation have shown that transcription inhibition selectively impairs LTM in a wide range of species (e.g., Neale et al. 1973; Pedreira et al. 1996; Igaz et al. 2002; Lee et al. 2008) . It is now widely accepted that consolidation requires transcriptional activation or repression, occurring in at least two separate waves (Bailey et al. 1996; Stork and Welzl 1999; Alberini 2009 ). First, a limited subset of genes encoding for transcription factors (immediate-early genes) are activated or unrepressed during and/or very shortly after learning (Abraham et al. 1991; Tischmeyer and Grimm 1999, Hawk and Abel 2011) . Second, the protein products of these genes modulate the expression of a broader set of target genes several hours later, eventually leading to stable changes in synaptic transmission through protein synthesis (Bailey et al. 1996) . Such dynamics based on multiple waves seem to be a rather general property of LTM formation, common to both vertebrates and invertebrates: apart from the former, its existence has been shown in molluscs and crustaceans (Freudenthal and Romano 2000; Lee et al. 2008 ), but no experimental evidence exists for multiple transcription waves in insects. This is all the more surprising that two insect species, the fruit fly Drosophila melanogaster and the honeybee Apis mellifera, are influential models in the study of memory.
In these two species, as well as in some other insects (Jaffé 1980; Barraco et al. 1981; Matsumoto et al. 2003; Collatz et al. 2006) , it was shown that blocking protein synthesis impairs the consolidation of LTM (Tully et al. 1994; Xia et al. 1998; Menzel et al. 2001; Friedrich et al. 2004; Lagasse et al. 2009 ; for review, see Schwärzel and Müller 2006) . However, the extent to which LTM consolidation induces translation of the transcripts already present at the time of learning or de novo transcription followed by translation is not clear. While LTM is characterized by its sensitivity to translation inhibitors in Drosophila, microarray experiments (Dubnau et al. 2003 ) and genetic manipulations (Chen et al. 2012 ) have identified genes whose transcription was up-or down-regulated during the first 24 h after learning, some of which proved to be necessary for consolidation. In the honeybee, only the most stable version of LTM (late LTM [l-LTM]) requires transcription (as opposed to early LTM [e-LTM], for which translation but not transcription is necessary) (Menzel 2001; Menzel et al. 2001; Schwärzel and Müller 2006) . Still, the dynamics of memory-associated transcription are not known in these insect species, despite their importance as experimental models for memory studies. Here, we address this question in the honeybee using a pharmacological approach coupled to olfactory conditioning and establish two different time windows for the sensitivity of LTM to transcription blockade.
In the laboratory, harnessed honeybees can be trained in a Pavlovian conditioning procedure to learn and remember an association between an odorant (the conditioned stimulus [CS] ) and a sucrose reward (the unconditioned stimulus [US]) in a standard assay, the conditioning of the proboscis extension response (PER) (Bitterman et al. 1983 ; for review, see Giurfa and Sandoz 2012) . The PER is a reflex response elicited by the presentation of sucrose on the antennae, tarsa, or mouthparts. After one or several paired presentations of CS and US, bees can show a conditioned response by extending their proboscises upon stimulation with the CS alone. Manipulations of the parameters of the conditioning procedure, such as the number of trials and the intertrial interval, have shown that multiple (3 -5) trials separated by rather long 5 (8 -10 min) intervals ("spaced conditioning") are conditions suitable for the formation of l-LTM, typically measured 3 or 4 d later (Sandoz et al. 1995; Wüstenberg et al. 1998; Menzel et al. 2001 ). In such conditions, blocking gene transcription with actinomycin D (ActD) impairs the expression of this memory when tested 3-d postconditioning. This has been shown in studies using different numbers of trials, intertrial intervals, and times of ActD injection Menzel et al. 2001; Friedrich et al. 2004) . Although the fact that ActD blocks l-LTM is well established, there is still uncertainty about when exactly transcription is required and whether it extends over one or two distinguishable waves.
We aimed at determining precise time windows for the dependence of l-LTM on transcription by injecting ActD at different time points before or after spaced conditioning (five trials, 10 min apart [Supplemental Methods]). In a first experiment aimed at characterizing the rather late transcription wave suggested previously , injections were performed 20 min before or 3 h, 6 h, 9 h, or 12 h after conditioning (N ¼ 410 bees). Since in other models (Tischmeyer and Grimm 1999; Alberini 2009 ) immediate-early gene transcription was shown to take place shortly after conditioning, a second experiment consisted in blocking transcription as early as possible during conditioning. Therefore, injections were performed 3 h, 2 h, or 1 h prior to conditioning, as well as 20 min before and 3 h after conditioning (N ¼ 438 bees). These time points were chosen to account for the delay between injection and effective blockade of transcription Menzel et al. 2001 [see below] ). The two data sets were analyzed together.
During conditioning, bees learned the CS -US association efficiently, as reflected in Table S1 by a marked increase in conditioned responses to the CS until the fifth trial (repeated-measure ANOVA, trial effect: F (4,3320) ¼ 905.77, P , 0.0001). All groups but one showed very similar acquisition curves. One group injected with ActD 20 min before conditioning showed slower acquisition (for which we have no explanation), but this was not observed in the replicate experiment. Levels of conditioned responses varied across groups during conditioning (time effect: F (8,3320) ¼ 20.2, P , 0.0001; treatment × time interaction: F (32,3320) ¼ 6.18, P , 0.0001), but were not affected by treatment (F (1,830) ¼ 0.33, P ¼ 0.57). This reflects lower rates of conditioned responses in some of the groups injected after conditioning, independently of the treatment. In any case, for all injection times the groups treated with ActD and PBS had similar levels of conditioned responses by the end of conditioning (Tukey's test, see Table S1 ). Thus, any effect of ActD on retention could not be attributed to variations in conditioning success. We then compared levels of responses to the CS in a retention test performed 3 d after conditioning (Fig. 1A) . Overall, ActD injection had a significant effect on retention (treatment effect: F (1,830) ¼ 114.13, P , 0.0001) which depended on the time of injection (time effect: F (8,830) ¼ 5.19, P , 0.0001; treatment × time interaction: F (8,830) ¼ 3.52, P , 0.0001). Indeed, post-hoc analysis showed that ActD-treated bees responded less to the CS than did PBS-treated bees when injected either between 3 h and 1 h before conditioning (Fisher's exact test: P , 0.0001 in all cases) or between 3 and 6 h after conditioning (3 h: P ¼ 0.0035 and P , 0.0001 for the two replicates; 6 h: P ¼ 0.0021) but not later (9 h and 12 h, respectively P ¼ 0.82 and P ¼ 0.99). Injections just before conditioning (20 min) did not produce any significant impairment of retention either (P ¼ 1.0 and P ¼ 0.65 for the two replicates), irrespective of the slower acquisition in the group "220 min(2)." Overall, these results are consistent with previous work that indicated l-LTM impairment when ActD was injected 1 h or 6 h, but not 24 h, after conditioning . Our data suggest that the transcription wave described before and targeted by such treatments does not last more than 8 -9 h. In addition, they provide evidence for another, earlier wave of transcription that appears to be distinct from that described previously. Indeed, the systematic lack of effect when injecting ActD 20 min before conditioning suggests that there is no strong requirement for transcription during an intermediate period. 
The data above, like those in previous work Menzel et al. 2001) , only assesses the quantitative impact of the transcription blockade on responses to the CS at long term. However, the specificity of conditioned responses can be measured when testing retention by presenting a novel odorant in addition to that used as CS (Hourcade et al. 2009; Perisse et al. 2009 ). Thus, we can assess the proportions of individual "specific responses," i.e., cases in which a bee responds to the CS only. Unspecific responses (cases in which a bee responds to the novel odorant) may not only reflect the retrieval of the CS-US association, but also nonassociative components (see below); therefore any effect of ActD on such responses may bias our interpretation of its impact on long-term retention of the specific CS -US memory. For this reason, we systematically presented a novel odorant in all retention tests, and now consider the proportions of bees showing CS-specific responses in each group (Fig. 1B) . As observed previously, treatment affects levels of CS-specific responses (F (1,830) ¼ 41.95, P , 0.0001), but its impact depends on the time of injection (treatment × time interaction: F (8,830) ¼ 2.39, P ¼ 0.015). Post-hoc analyses reveal again that ActD is efficient during two separate time windows: when injected 1 h before (Fisher's exact test: P , 0.0001) or 3-6 h after conditioning (3 h: P ¼ 0.0069 and P ¼ 0.0091 for both replicates; 6 h: P , 0.0001). By contrast, ActD did not alter CS-specific responses when injected 20 min before conditioning (P ¼ 1.0 and P ¼ 0.16 for both replicates) or 9 -12 h after conditioning (P ¼ 0.39 and P ¼ 0.61, respectively). However, unlike earlier, when we considered the responses to the CS regardless of their specificity to this odor (Fig.  1A) , there was no significant effect for the earliest injections (2-3 h before conditioning: P ¼ 0.47 and P ¼ 0.12, respectively). Thus, considering the individual specificity of responses allows defining a narrower time window for an early transcription wave required for l-LTM.
Previous studies showed that only l-LTM formed after repeated conditioning trials with long intervals (spaced conditioning) requires transcription in honeybees Menzel et al. 2001; Friedrich et al. 2004 ). However, residual responses to the CS can be observed 3-4 d after massed conditioning (successive trials separated by short intervals) or even single-trial conditioning (Sandoz et al. 1995; Gerber et al. 1998; Menzel et al. 2001; Perisse et al. 2009 ). Since these observations were made mostly without controlling for the specificity of such responses (except in Perisse et al. 2009 for single-trial conditioning), whether they reflect specific memory, and whether this is transcription-dependent l-LTM, is unknown. Hence, we compared the specificity of responses obtained 3 d after conditioning in bees that had undergone either spaced conditioning (three trials, 10-min intervals), massed conditioning (three trials, 1-min intervals), or single-trial conditioning. All the bees had been injected with either ActD or PBS 3 h after conditioning. As shown in Figure 2 , the level of specific responses varied greatly across groups (ANOVA, treatment effect: F (2,365) ¼ 4.20, P ¼ 0.041). As expected, in bees undergoing spaced conditioning ActD led to a significant decrease in the level of specific responses, compared to that with PBS (Fischer's exact test: P ¼ 0.0030). By contrast, both single-trial and massed conditioning yielded levels of specific responses that were similarly low, regardless of treatment (Fischer's exact test, single trial: P ¼ 0.502; massed: P ¼ 0.492). Thus, only spaced trial conditioning induced bona fide, CS-specific l-LTM at 3 d.
In the first experiment, we showed that the impact of ActD, when injected early (3 h or 2 h before conditioning), depended on whether all the responses to the CS or only the CS-specific responses were considered. What may be the explanation for this discrepancy? In principle, three main processes may lead to unspecific responses at long term. The first one is generalization, in which bees that formed the correct CS-US association tend to generalize their response to other odorants perceptually similar to the CS (Guerrieri et al. 2005) . Another possibility is the formation of a contextual memory by associating elements of the conditioning setup, present during the whole trial, with the US. Finally, bees may respond to both odorants due to a high level of motivation at the time of the test. These multiple factors and their relative contributions may lead to variable levels of unspecific responses across experiments (see Table S1 ). First, it should be emphasized that the CS and the novel odorant were chosen based on previous data (Guerrieri et al. 2005) , so that they induce only minimal generalization. Reduced discrimination abilities due to ActD injection are also unlikely. Indeed, if the expression of genes involved in olfactory discrimination was impaired, we would have obtained a similar effect at all injection times. Likewise, a specific effect of ActD for the groups injected at 23 and 22 h on bees' motivation 3 d later is unlikely. We should have observed it also in the groups injected shortly thereafter.
We rather favor the idea that contextual or other nonspecific memories, and specific ones, might be affected differentially. Given the estimated time course of ActD action, early injections of ActD are expected to disturb only the beginning of the conditioning period, while injecting later (1 h before conditioning) might impair rather later consolidation events. In addition, we assume that the memories formed during conditioning become more specific as the identification of the CS as the relevant cue (rather than the context) is expected to improve over repeated trials. Thus, our hypothesis would be that the consolidation of specific memories, especially during the last conditioning trials, would be more sensitive to ActD when injected later. Although further experiments are needed to lend more support to this hypothesis, our results stress the importance of considering specific responses when assessing memory retention and its dependency on biochemical pathways.
Our results clearly support the existence of a two-step activation of gene transcription as consolidation of an associative olfactory memory takes place in the honeybee. Earlier studies using similar ActD treatment in honeybees report transcription to be reduced by 60%-65% between 40 min and up to 2 -2.5 h postinjection Menzel et al. 2001) . Based on these estimations, our observations of CS-specific memory impairments allow defining temporal windows for the two transcription waves (Fig. 3) . The strong effect of injections 1 h before conditioning suggests that the first wave would occur during conditioning and would be rather short (not more than 40 min, as injection 20 min before conditioning did not affect long-term responses). In principle, as supported by our comparison between different conditioning protocols, transcription might be triggered as early as when a second trial takes place, with a sufficient delay after the first trial, i.e., in a spaced conditioning protocol. Accordingly, learning-induced transcriptional regulation was observed within the first hour following learning, particularly for transcription factors, in diverse protocols and species (e.g., Rosen et al. 1998; Malkani and Rosen 2000; Bock et al. 2005; Lee et al. 2008) . The second wave induced by spaced conditioning would occur after acquisition is over and would last longer (roughly between 3.5 and 8 h post-conditioning). It should be noted that these estimates may vary slightly with different conditioning protocols (Zhang et al. 2011) . Indeed, a previous study based on another protocol differing in the number of trials (three instead of five) and the intertrial interval duration (2 min instead of 10 min) showed that the same dose of ActD impaired 3-day retention (specificity was not assessed) when injected as early as 1 h after conditioning, but not 6 h after . Although the onset and duration of late transcription events vary across species, they are generally observed several hours after learning (Cavallaro et al. 1997 ), but in some cases they can span over longer periods (Cavallaro et al. 2002; Donahue et al. 2002; Dubnau et al. 2003) . Overall, our results are generally consistent with those proposed for other species with different learning protocols (Rosen et al. 1998; Igaz et al. 2002; Lee et al. 2008) .
Altogether, our data suggest that transcription regulation during memory consolidation in the honeybee follows similar dynamics to those previously demonstrated in molluscs and vertebrates. Thus, transcriptomic studies in the honeybee could shed light on the characterization of the different waves of gene expression involved in memory formation. Figure 3 . Model of late-LTM consolidation including two transcription waves in the honeybee. Schematic representation of the performance (as measured by the percentage of conditioned responses to the CS) over time, first as acquisition takes place during the five conditioning trials (C1 -C5), and then as retention is allowed by consolidation. Gray rectangles correspond to the estimated periods during which the two transcription waves take place. Note that the time scale is not linear.
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